In all eukaryotic cells, the endoplasmic reticulum (ER) forms a tubular network whose generation requires the fusion of ER membranes. In Arabidopsis (Arabidopsis thaliana), the membrane-bound GTPase ROOT HAIR DEFECTIVE3 (RHD3) is a potential candidate to mediate ER fusion. In addition, Arabidopsis has two tissue-specific isoforms of RHD3, namely RHD3-like (RL) proteins, and their function is not clear. Here, we show that a null allele of RHD3, rhd3-8, causes growth defects and shortened root hairs. A point mutant, rhd3-1, exhibits a more severe growth phenotype than the null mutant, likely because it exerts a dominant-negative effect on the RL proteins. Genetic analysis reveals that the double deletion of RHD3 and RL1 is lethal and that the rhd3 rl2 plants produce no viable pollen, suggesting that the RL proteins are redundant to RHD3. RHD3 family proteins can replace Sey1p, the homolog of RHD3 in yeast (Saccharomyces cerevisiae), in the maintenance of ER morphology, and they are able to fuse membranes both in vivo and in vitro. Our results suggest that RHD3 proteins mediate ER fusion and are essential for plant development and that the formation of the tubular ER network is of general physiological significance.
In all eukaryotic cells, the endoplasmic reticulum (ER) comprises a continuous membrane system of sheets and tubules (Baumann and Walz, 2001; Shibata et al., 2006) . ER tubules frequently connect through homotypic membrane fusion to form a reticular network (Lee and Chen, 1988; Prinz et al., 2000; Du et al., 2004) . ER fusion in metazoans is mediated by the atlastins (ATLs), a class of dynamin-like, membrane-bound GTPases (Hu et al., 2009; Orso et al., 2009 ). ATL possesses a cytoplasmic N-terminal GTPase domain, followed by a helical domain, two closely spaced transmembrane domains, and a C-terminal cytosolic tail. ATL proteins localize mostly to ER tubules and they interact with the tubule-shaping proteins, reticulons and DP1 (Hu et al., 2009) . A role for the ATLs in ER fusion is suggested by the fact that depletion of ATLs leads to long, nonbranched ER tubules in cultured cells (Hu et al., 2009) and to ER fragmentation in Drosophila melanogaster (Orso et al., 2009) , possibly due to insufficient fusion between the tubules. Nonbranched ER tubules are also observed upon the expression of dominant-negative ATL mutants (Hu et al., 2009 ). In addition, antibodies to ATL inhibit ER network formation in Xenopus laevis egg extracts (Hu et al., 2009) . Moreover, proteoliposomes containing purified D. melanogaster ATL undergo GTP-dependent fusion in vitro (Orso et al., 2009; Bian et al., 2011) . The physiological significance of ER fusion is supported by the observation that mutations in human ATL1, the dominant isoform in the brain, cause hereditary spastic paraplegia (Zhao et al., 2001 ), a neurodegenerative disease characterized by axon shortening in corticospinal motor neurons and progressive spasticity and weakness of the lower limbs (Salinas et al., 2008) .
Many organisms lack ATL homologs. In yeast (Saccharomyces cerevisiae), another dynamin-like GTPase, Sey1p, has been found to share the same signature motifs and membrane topology as ATL (Hu et al., 2009) . Recent work suggests that Sey1p mediates ER membrane fusion both in vivo and in vitro (Anwar et al., 2012) . Cells lacking Sey1p grow normally (Hu et al., 2009 ), but additional mutation of an ER SNARE Ufe1p, which probably represents an alternative ER fusion mechanism in yeast, causes severe growth defects (Anwar et al., 2012) . In Arabidopsis (Arabidopsis thaliana), the potential functional ortholog of ATL appears to be ROOT HAIR DEFECTIVE3 (RHD3; Hu et al., 2009) , which was initially discovered by a genetic screen of root hairdefective mutants (Schiefelbein and Somerville, 1990) . It is sequence related to Sey1p over the entire length (Wang et al., 1997; Brands and Ho, 2002) . Mutations of RHD3 cause short and wavy root hairs (Schiefelbein and Somerville, 1990; Wang et al., 1997; Stefano et al., 2012) and defects in cell expansion (Wang et al., 2002) .
Despite the sequence homology between Sey1p and RHD3, it was reported that Sey1p could not replace RHD3 in plants and vice versa (Chen et al., 2011) . Therefore, it is not clear whether RHD3 can mediate ER fusion. Another complication in plants is that the Arabidopsis RHD3 family also contains two RHD3-like (RL) proteins (Hu et al., 2003) : RL1 is expressed only in pollen, whereas RL2 is expressed ubiquitously, but both are present at very low levels. Deletion of either RL protein causes no detectable defects in root hair development or overall growth (Chen et al., 2011) . Whether RL proteins support the role of RHD3 in a tissue-specific manner remains to be investigated.
Here, we have analyzed the function of RHD3 and RL proteins in Arabidopsis. We show that RHD3 and the two RL proteins play redundant roles but function during different stages of Arabidopsis development. In addition, we show that RHD3 proteins can functionally replace Sey1p in yeast and mediate ER membrane fusion.
RESULTS

Characterization of an RHD3 Deletion Mutant
To investigate the precise role of RHD3, we aimed to obtain a null allele of RHD3. Thus, a transfer DNA (T-DNA) insertion line of RHD3 (SALK_025215; rhd3-8; for T-DNA insertion site, see Fig. 1A ) was analyzed. The expression of RHD3 in the mutant line was first measured using reverse transcription-PCR and quantitative real-time PCR. As expected, the amount of RHD3 mRNA decreased dramatically in rhd3-8 compared with the wild type (Fig. 1B) . To directly measure the levels of RHD3 protein, a polyclonal antibody was raised against RHD3 (Supplemental Fig. S1 ). Immunoblotting of total cell lysates from plants confirmed a lack of detectable RHD3 protein in rhd3-8 (Fig. 1C) . These results indicate that rhd3-8 is a null allele of RHD3.
Next, we monitored root hair development and overall growth of the RHD3 null mutant. Similar to previously characterized alleles (Schiefelbein and Somerville, 1990; Wang et al., 1997; Stefano et al., 2012) , rhd3-8 had short and wavy root hairs, a small rosette, and a dwarf size (Fig. 1, D and E) . While rhd3-8 was being characterized, another T-DNA insertion line of RHD3 (SALK_106309; named rhd3-7; Stefano et al., 2012) , and likely an RHD3 null allele, was reported. It was shown that rhd3-7 had no detectable RHD3 transcripts and exhibited the typical defects in root hair development as other RHD3 mutants. We obtained consistent results with rhd3-7 and yet another line (SALK_047559; rhd3-9; for T-DNA insertion site, see Supplemental Fig. S2A ). Taken together, these findings indicate that complete loss of RHD3 causes defects in root hair and plant development, particularly in cell expansion.
Previous studies have shown that RHD3 mutations cause "cable-like" or "nonbranched" ER tubules (Zheng et al., 2004; Stefano et al., 2012) , indicating a lack of fusion between ER tubules. When the ER in rhd3-8 root cells was visualized using Q4 as a marker (Cutler et al., 2000) or leaf epidermal cells transiently transfected with an ER marker (a fusion of a signal sequence with the GFP and HDEL [ss-GFP-HDEL] under the control of the 35S promoter), similar morphology defects were observed (Fig. 1F ). These results suggest that RHD3 plays an important role in maintaining ER morphology in plant cells.
To test whether the defects in rhd3-8 can be restored by the expression of RHD3, we transformed the null mutant with a construct expressing RHD3 under the control of its endogenous promoter (Wang et al., 2002) . We obtained approximately 100 transformed T1 lines that exhibited normal root hair growth and an improved dwarf phenotype (Supplemental Fig. S3 , A and B). Western-blot analysis revealed that the levels of RHD3 in these lines ranged from being barely detectable to being comparable with the wild type (Supplemental Fig. S3C ). We also found that the degree of restoration of the wild-type phenotypes correlated with RHD3 abundance. Collectively, these results indicate that the rhd3-8 defects are caused by the loss of RHD3.
To compare the null allele of RHD3 with previously identified point mutants, we obtained rhd3-1 plants, in which Ala-575 in the helical domain is mutated to Val ( Fig. 1A; Supplemental Fig. S2B ). In contrast to rhd3-8, rhd3-1 exhibited elevated levels of RHD3 transcript (Fig.  1B) . Surprisingly, the levels of RHD3 protein were barely detectable in rhd3-1 (Fig. 1C) . Thus, the A575V mutation seems to destabilize RHD3. Notably, rhd3-1 exhibited more severe growth defects than that of the null mutant (Fig. 1D ). It is likely that residual levels of mutated RHD3 in rhd3-1 have a dominant-negative effect on Arabidopsis development.
RHD3 Proteins Are Essential for Plant Development
Both of the RL proteins have high sequence homology to RHD3 but are expressed in different tissues at low levels. Null alleles of RL1 or RL2 alone have no detectable phenotypes under normal growth conditions (Chen et al., 2011) and exhibit normal ER morphologies (Supplemental Fig. S4 , A and B), raising the possibility that despite the similarity to RHD3, the RL proteins may have a redundant or even no role in plant development. To investigate whether the RHD3 family as a whole is essential for Arabidopsis development, we crossed rhd3-8 with T-DNA insertion mutants of , and rhd3 (Fig. 2B) . These results suggest that RL2 plays a similar role in cell expansion to RHD3 (Wang et al., 2002) . Interestingly, we also found that rhd3 2 /2 rl2 2 /2 plants had no seed production. A closer examination of the flowers revealed that their pollen cannot be released from the pollen sac and are not viable (Fig. 2, C and D) , even though all floral organs were present (Supplemental Fig. S5A ). Pollen production was not affected in either rhd3 Fig. S5D ). Thus, RL1 plays an essential role in supplementing RHD3 function during preembryonic growth. Collectively, our findings suggest that the function of RHD3 family members is required for Arabidopsis development. In addition, RL1 and RL2 both support RHD3's role in plant growth.
To test whether the defects in rhd3 rls mutants are due specifically to the lack of the RHD3/RLs, we performed reciprocal crosses. When mutant stigmas of rhd3 rl2, rhd3 rl1 +/2 , or rhd3 rl2 +/2 were pollinated with pollen grains from the wild type, or when they were crossed with line 4 of the rhd3-8 plants expressing RHD3 at an endogenous level, all resulting populations exhibited normal growth and normal pollen development with the expected segregation ratio (Supplemental Fig. S6 ). These results confirm that the phenotypes of the double mutants are not caused by background effects, but rather, the deficiency of the RHD3 family.
RHD3 Proteins Can Functionally Replace Sey1p
To analyze the function of RHD3, we first tested whether RHD3 can replace Sey1p in S. cerevisiae. We previously showed that yeast cells missing Sey1p and either Yop1p or Rtn1p, proteins that generate high curvature in the membranes of ER tubules Hu et al., 2008) , have abnormal ER morphology with a decreased number of ER tubules, increased number of sheets, and aberrant ER distribution in the cell cortex (Hu et al., 2009) . ER morphology can be restored by the expression of wild-type Sey1p or human ATL1 (Hu et al., 2009; Anwar et al., 2012) . To test whether RHD3 can replace Sey1p, we expressed wild-type RHD3 in sey1Dyop1D cells from a CEN plasmid using the upstream sequence of Sey1p as the promoter (Supplemental Fig. S7 ). We found that most cells expressing wild-type RHD3 had normal ER morphology (Fig. 3) . As expected, when the GTP-binding mutant RHD3 K50A, or the previously identified RHD3 mutants (I134T, rhd3-5; D185N, rhd3-2; A575V, rhd3-1; for mutation sites, see Supplemental Fig.  S2B) were expressed, the ER morphology defects were not rescued (Fig. 3) . We also found that both RL proteins can partially restore the formation of the tubular ER network in sey1Dyop1D cells, even though their expression levels are relatively low ( Fig. 3; Supplemental Fig. S8C ). These results suggest that members of the RHD3 family and Sey1p have similar functions in the maintenance of ER morphology.
RHD3 Proteins Can Mediate ER Fusion in Yeast
To further test whether RHD3 mediates ER fusion, we used a previously established in vivo assay (Anwar et al., 2012) . Haploid yeast cells expressing cytosolic GFP were mated with cells expressing a red fluorescent protein (RFP)-containing ER marker (ss-RFP-HDEL). When cell fusion occurs between two types of cells, the cytosolic GFP of one cell rapidly diffuses to the other cell, marking the starting point for ER fusion. The efficiency of ER fusion was monitored by the equilibration of the RFP signal between two cells. As described previously, cells lacking Sey1p exhibited slow equilibration of the ER marker (an average 27 min after cell fusion; Fig. 4 , A and C). The expression of Sey1p in both cell types accelerated the fusion process drastically (Fig. 4C) . To test whether RHD3 is capable of mediating ER fusion, we expressed wild-type RHD3 in both GFP-and RFP-labeled cells (Supplemental Fig. S8A ). We found that RHD3 significantly enhanced the rate of ER fusion in sey1D cells (an average 16 min after cell fusion; Fig. 4 , B and C). Such enhancement was not observed when the GTP-binding mutant RHD3 K50A was expressed (Fig. 4C ). RL1 and RL2 showed only low activity, likely because of their low expression levels (Supplemental Fig. S8, B and D) . Collectively, these results indicate that RHD3 proteins play a similar role in ER fusion to Sey1p.
RHD3 Proteins Can Mediate Membrane Fusion in Vitro
To test whether RHD3 proteins are sufficient to mediate membrane fusion, we performed in vitro lipidmixing experiments. In this assay, the donor vesicles contained lipids labeled with nitrobenzoxadiazole (NBD) and rhodamine at quenching concentrations; fusion with the unlabeled acceptor vesicles leads to fluorophore dilution and dequenching. Full-length RHD3 or RL2 were expressed as glutathione S-transferase fusion proteins in Escherichia coli. After purification, the proteins were reconstituted into donor and acceptor vesicles (Fig. 5A) . Efficient reconstitution was confirmed by flotation experiments (Fig. 5B) . The GTPase activity of RHD3 proteins was also measured (Fig. 5C ). When tested in the lipid-mixing assay, wild-type RHD3 and RL2 caused fusion of the vesicles (Fig. 5, D and E) . As shown previously with ATL and Sey1p, no fusion was observed in the absence of magnesium ions or when GTP was replaced by GDP or the nonhydrolyzable analog GTPgS (Fig. 5, D and E). A mutation in the conserved P loop (K50A in RHD3 or K53A in RL2), which affects GTP binding, abolished the fusion activity of the RHD3 proteins (Fig.  5F ). Taken together, these results demonstrate that RHD3 proteins are capable of mediating membrane fusion.
DISCUSSION
Our in vivo and in vitro results strongly support the notion that RHD3 mediates homotypic ER fusion. Morphological defects in the ER of RHD3 mutant cells imply the involvement of RHD3 in ER fusion (Zheng al., 2004) . Surprisingly, a recent report suggested that RHD3 and Sey1p are not interchangeable (Chen et al., 2011) . It was shown that RHD3 failed to restore ER morphology in sey1Dyop1D cells (Chen et al., 2011) , although the expression of RHD3 in yeast was driven by an exogenous promoter and the expression level was not determined. In contrast, we have shown here that RHD3 is able to rescue the ER defects in sey1Dyop1D cells. The fusion activity of RHD3 in mating yeast cells and in reconstituted proteoliposomes provides compelling evidence that RHD3 mediates ER fusion and is functionally analogous to the ATLs and to Sey1p. Chen et al. (2011) also showed that Sey1p was not able to complement rhd3-1. It is possible that an excess amount of Sey1p is required to maintain proper development in plants, especially in the presence of mutated RHD3. Alternatively, RHD3 could possess unique features that are essential for its function in plants.
Recent structural and biochemical studies have suggested that ATL-mediated fusion starts with GTP binding to ATL molecules sitting in two apposing membranes, which induces dimerization and membrane tethering; GTP hydrolysis and inorganic phosphate release triggers conformational changes that pull the two membranes together, eventually leading to membrane fusion (Bian et al., 2011; Byrnes and Sondermann, 2011) . Additional investigation revealed that the C-terminal tail and transmembrane domains of ATL also play an important role in the fusion process (Liu et al., 2012) . The analogous domain structure and signature motifs between RHD3 and ATLs suggest that the fusion process driven by RHD3 is presumably very similar to that of ATLs. In addition, the C-terminal tail of RHD3 is predicted to have an amphipathic helix, a feature in ATLs that appears to be important for fusion activity (Liu et al., 2012) . In fact, RHD3 proteins lacking the tail are inactive in vivo (Stefano et al., 2012) . However, the helical domain that follows the GTPase domain is much longer in RHD3 than in ATLs, so the exact conformational change between the GTPase and the helical domain in RHD3 remains to be determined.
The RHD3 family in Arabidopsis consists of RHD3 and two RL proteins. RL proteins may function similarly to RHD3, since overexpression of RL2 rescued the RHD3 mutant (Chen et al., 2011) . We showed that, like RHD3, RL proteins complement the loss of Sey1p in yeast cells and are able to mediate fusion in yeast cells and in vitro. Importantly, RHD3 is much more abundant than RL proteins; RHD3 deletion causes prominent growth defects, whereas deletion of RLs, individually (Chen et al., 2011) or together (Supplemental Fig. S6 ), Figure 5 . RHD3 proteins mediate membrane fusion in vitro. A, RHD3, RL2, or the indicated mutants were purified and reconstituted into proteoliposomes. Flotation in a sucrose gradient (right) shows efficient reconstitution of the proteins (T, top fraction; B, bottom fraction). B, Donor (D; with NBD-and rhodamine-labeled lipids at quenching concentrations) and acceptor (A; unlabeled) proteoliposomes containing RHD3, RL2, or the indicated mutants were analyzed by SDS-PAGE and Coomassie blue staining. C, GTPase activity of full-length wild-type RHD3, RL2, or the indicated mutants was measured by phosphate release. The data represent means 6 SD from six replicates. resulted in no detectable phenotype. Thus, RHD3 plays a dominant role, while the RL proteins are auxiliary. In Arabidopsis, it is quite common that GTPases possess several minor isoforms or family members with tissuespecific expression (Vernoud et al., 2003) . Our genetic analysis suggests that the presence of both RL proteins is critical in rhd3 cells. These findings suggest that the retained ER fusion detected in rhd3-7 cells (Stefano et al., 2012) is likely mediated by RL proteins. It is also plausible to speculate that the increased growth defects observed in rhd3-1, compared with rhd3-8, are due to a dominant-negative effect by mutated RHD3 toward the RL proteins.
As ATL1 mutations affect mostly the axons of upper motor neurons and rhd3 causes root hair defects, the maintenance of ER integrity by GTP-dependent ER fusogens may be particularly important in cells with long protrusions (Hu et al., 2009 . Our double deletion experiments indicate that other cell types, such as pollen, could also be affected drastically. These findings suggest that the tubular ER network is of general importance.
MATERIALS AND METHODS
Molecular Cloning and Antibodies
RHD3, RL1, and RL2 were amplified from the complementary DNA of wild-type Arabidopsis (Arabidopsis thaliana) plants, and the endogenous promoter of RHD3 was amplified from genomic DNA. For expression in yeast (Saccharomyces cerevisiae), hemagglutinin (HA) tagged-RHD3 or HA-RL was subcloned into pYC2/CT (a URA3/CEN plasmid with the original GAL promoter deleted) along with the endogenous promoter and terminator of SEY1 or into pESC-URA (a 2m plasmid with the GAL promoter). For expression in plants, HA-RHD3 with the endogenous promoter was subcloned into pCAMBIA 1301. For expression in bacteria, RHD3 or RL2 with a C-terminal Strep(II) tag was inserted into pGEX-6P-1. All point mutations were generated using the QuikChange Site-Directed Mutagenesis Kit (Stratagene) and confirmed by DNA sequencing. The purified fragment of RHD3 (residues 273-558) was used to raise polyclonal antibodies in rabbits (GL Biochem).
Plant Materials
All seeds of mutant plants were obtained from the Arabidopsis Biological Resource Center (Ohio State University). rhd3-8 expressing HA-RHD3 was generated by Agrobacterium tumefaciens-mediated floral dipping (Clough and Bent, 1998) transformation of corresponding plasmid into rhd3-8 plants. Transgenic plants were selected on one-half-strength Murashige and Skoog medium containing 25 mg L 21 hygromycin. Plants were grown either on one-half-strength Murashige and Skoog medium or in the soil at 20°C to 22°C under 16-h-light/8-h-dark conditions.
Microscopy
Yeast cells expressing Sec63p-GFP and root cells from the plant ER marker line Q4 were analyzed with a Leica TCS SP5 confocal microscope for ER morphology. For alternative ER visualization in Arabidopsis, A. tumefaciens strain GV3101 expressing ss-HDEL-GFP5 or p19 was grown to an optical density at 600 nm (OD 600 ) of 1.0 to 1.2. Cells were collected and resuspended in the infiltration medium (10 mM MES, 10 mM MgCl 2 , and 200 mM acetosyringone) to an OD 600 of 0.4 to 0.6 for ss-HDEL-GFP5 cells and 0.8 to 1.0 for p19 cells. These cultures were then mixed in a 1:1 ratio (v/v) and used to infiltrate leaves of 5-week-old healthy plants by 1-mL syringes without a needle. Following infiltration, plants were cultivated for another 5 to 7 d before confocal analysis. For cytochemical analysis, pollen were stained by dipping flowers several times in 49,6-diamino-phenylindole or Alexander solution (Alexander, 1969) or directly on microscope slides with 0.3 mg mL 21 propidium iodide and 0.5 mg mL 21 fluorescein diacetate (Regan and Moffatt, 1990) . A Leica M165 FC was used for bright-field imaging of root hairs, flowers, and pollen. In vivo fusion assay was performed with a Zeiss Axio imager Z1. All changes were made linearly across the entire image using Adobe Photoshop.
In Vivo Fusion Assay
Yeast in vivo fusion assays were performed as described previously (Anwar et al., 2012) . In brief, cells of opposite mating types expressing either ss-RFP-HDEL or cytosolic GFP were grown to an OD 600 of 0.1 to 0.4 and mixed to allow mating. They were then placed on an agarose pad and imaged at 1-min intervals.
Recombinant RHD3 and RL2 Production
Glutathione S-transferase-and Strep(II)-tagged full-length RHD3 or RL2 was expressed in the Escherichia coli strain Rosetta DE3 (Novagen). Cells were grown in superbroth medium at 37°C. When cultures reached an OD 600 of 0.6, protein expression was induced by 0.5 mM isopropylthio-b-galactoside for 12 h at 24°C. The cells were harvested and lysed by sonication in buffer containing 50 mM Tris, pH 8.0, 500 mM NaCl, 2 mM b-mercaptoethanol, and protease inhibitor cocktail (Roche). Total membranes were sedimented by ultracentrifugation at 40,000 rpm for 30 min, and the pellet was homogenized and solubilized in the buffer containing 2% (v/v) Triton X-100 for 2 h. The Strep(II)-tagged proteins were then isolated from the cell extracts by StrepTactin Sepharose beads (GE Healthcare), and bound recombinant proteins were washed with buffer containing 0.1% (v/v) Triton X-100 and eluted with 2.5 mM d-desthiobiotin. The d-desthiobiotin was removed using a desalting column (GE Healthcare), and the purified protein was concentrated to 1 mg mL 21 for subsequent analysis.
GTPase Activity Assay
GTPase activity was determined using the EnzChek phosphate assay kit (Invitrogen). Reactions were performed in a 100-mL volume and initiated by the addition of 0.5 mM GTP. Optical density at 360 nm was measured at 1-min intervals for 30 min at 37°C. The catalytic constant was determined using three different protein concentrations (1, 2, and 5 mM).
Lipid-Mixing Assay
The in vitro lipid-mixing assay was performed as described previously (Bian et al., 2011) . In brief, labeled donor proteoliposomes were mixed with unlabeled acceptor proteoliposomes in a total volume of 100 mL per reaction. NBD fluorescence was measured at 1-min intervals at 37°C. After 30 min, 5 mL of 10% (w/v) n-Dodecyl b-D-Maltopyranoside was added to determine total NBD fluorescence. Fusion is expressed as the percentage of total fluorescence.
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: RHD3, At3g13870; RL1, At1g72960; RL2, At5g45160.
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